Because of increased mortality and reduced treatment response rates in subjects coinfected with human immunodeficiency virus (HIV) and hepatitis C virus (HCV), understanding the selection pressures underlying the evolution of HCV is important for the development of strategies to control both viruses. We therefore investigated diversity of HCV in 11 HIV-HCV-coinfected subjects initiating highly active antiretroviral therapy (HAART). Distinct categories of HCV virologic response to suppression of HIV were identified. The diversity of quasi species at several genomic regions was characterized over the course of a 48-week period. Consensus data suggested a shift in the virus population at all loci except the 5 untranslated region (UTR) after initiation of HAART. Intrasubject genetic distance and entropy were highest in hypervariable region (HVR)-1. In contrast, variation in the 5 UTR was limited. Positive immune selection pressure directed against HVR-1, but not other protein-coding regions, was also detected. These data suggest that there are several mechanisms by which suppression of HIV replication and a reconstituted immune system influence diversity of HCV in HIV-HCVcoinfected subjects.
In the United States, an estimated 150,000-300,000 subjects are infected with both HIV and hepatitis C virus (HCV) [1] . Since its introduction, the use of highly active antiretroviral therapy (HAART) to treat HIV infection has led to a remarkable reduction in the number of AIDS-related deaths [2] [3] [4] . However, because of their shared routes of transmission, chronic HCV infection has become a major cause of morbidity and mortality among HIV-positive subjects [5] . Several studies have demonstrated that coinfection with HIV and HCV adversely affects liver fibrosis, HCV loads, progression of HCV disease [6] [7] [8] , and response rates to current HCV treatments [9] . The mechanisms by which these 2 virus-viruses termed the "quasi species." The association between HCV heterogeneity and outcome of liver transplantation [13] [14] [15] , progression of disease [16] [17] [18] , response to treatment [19, 20] , and chronicity of infection [21] [22] [23] has been addressed previously. However, few studies have assessed diversity of HCV during HIV-HCV coinfection; those studies performed thus far have focused mainly on hypervariable region (HVR)-1. Two cross-sectional studies found more HVR-1 diversity in HIV-HCV-coinfected subjects than in monoinfected subjects [24] or HIV-HCV-coinfected subjects with higher CD4 cell counts [25] . Decreased diversity of HVR-1 was also found in subjects with chronic HCV infection who then experienced HIV seroconversion [26] . A single study has addressed diversity of HCV in HIV-HCV-coinfected subjects receiving HAART [27] ; Babik et al. found no significant changes in diversity of HCV over time among HIV-HCV-coinfected subjects, regardless of their use of HAART. However, the inclusion of multiple HCV genotypes, the analysis of a small portion of the HCV genome, and the variable use of HAART among diverse subject populations limits the generalizability of their findings.
We were therefore interested in comprehensively assessing longitudinal diversity of HCV in a group of HIV-HCV-coinfected subjects initiating HAART as part of a prospective ACTG treatment study. We hypothesized that suppression of HIV with HAART would result in restored immune selection pressure against HCV and lead to increased diversity and that these selection pressures would have a differential impact on the virus quasi species, depending on the genomic region analyzed. We also tested the hypothesis that increased HCV loads were the result of outgrowth of a particular virus variant with enhanced replicative capacity.
MATERIALS AND METHODS
Sample population. All subjects were previously enrolled in ACTG 383 [11] . Written informed consent was obtained from subjects as part of the original ACTG 383 study. The humanexperimentation guidelines of the US Department of Health and Human Services and Massachusetts General Hospital were followed in the conduct of this clinical research. Plasma HCV loads were determined by use of the Roche Amplicor Monitor kit (lower limit of detection, 600 IU/mL; Roche Diagnostic Systems). Plasma HIV loads were also determined by use of the Roche Amplicor Monitor kit (lower limit of detection, 500 copies/mL). The HCV genotype was initially determined by use of the LiPA assay (Innogenetics). In ACTG 383, 88% of HIV-HCV-coinfected subjects achieved HIV RNA levels !500 copies/mL after 16 weeks of HAART. However, mean HCV loads increased by 0.43 log 10 IU/mL by week 48.
We were interested in further characterizing diversity of HCV in ACTG 383 participants whose HCV loads responded differentially to initiation of HAART. Therefore, subjects experiencing a 10.5 log 10 increase in HCV load between weeks 0 and 48 (D 0r48 ) were selected, referred to hereafter as the "HCV increaser group." Subjects with a !0.2 log 10 increase or a decrease in HCV load, between weeks 0 and 48, are referred to hereafter as the "HCV stable group." Because of the potential for short-term fluctuations in HCV loads and inherent variability in current HCV load assays, D 0r48 HCV loads were considered to be more likely to reflect sustained alterations in HCV viremia. Using these stringent criteria, 22% of ACTG 383 participants were in the HCV increaser group, and 15% were in the HCV stable group; the remainder had decreased or variable HCV loads at the 3 time points reported in the original ACTG 383 study. Because of the potential for divergent evolution among differing HCV genotypes [27, 28] , we selected only HCV genotype 1-infected participants in the prospective arm of the study (24 of 29) for whom samples corresponding to weeks 0, 16, and 48 were available (16 of 24) . Five subjects were excluded because they did not fit the definition of either HCV increaser or HCV stable. This left 11 subjects-7 in the HCV increaser group and 4 in the HCV stable group-who were selected for further study. Nine subjects achieved HIV loads of !500 copies/ mL by their last available time point, whereas the remaining 2 subjects had HIV loads of ∼2000 copies/mL, which is consistent with significant decreases in HIV RNA levels from baseline.
Amplifications of 5 untranslated region (UTR)/core and envelope glycoprotein 1 (E1)/HVR-1.
The QIAamp Viral RNA kit (Qiagen) was used to extract RNA from serum samples. cDNA corresponding to the 5 UTR and proximal core regions was generated according to the manufacturer's protocol by use of the antisense primers 5 -ATG TAC CCC ATG AGG TCG GC-3 (nt 751-732 according to the numbering of H77 [29] ; GenBank accession no. AF009606) or 5 -GTT GCA TAG TTC ACG CCG TCT TCC AGA ACC-3 (nt 838-809). Polymerase chain reaction (PCR) amplifications were performed by use of standard laboratory conditions with the sense primers 5 -CCC TGT GAG GAA CTW CTG TCT TCA CGC-3 (nt 43-69) or 5 -CCC CTG TGA GGA ACT ACT GT-3 (nt 42-61). Reaction conditions were 2 min at 94ЊC, followed by 35 cycles of 2 min at 94ЊC, 2 min at 55ЊC, and 2 min at 72ЊC, with a final elongation step of 8 min at 72ЊC. cDNA corresponding to E1 and HVR-1 was generated by use of the antisense primer 5 -AGG CTT TCA TTG CAG TTC AAG GCC TTG CTA TTG ATG TGC C-3 (nt 1639-1600). First-round PCR amplifications using the sense primer 5 -GCG TCC GGG TTC TGG AAG ACG GCG TGA ACT ATG CAA CAG G-3 (nt 802-841) were performed as follows: 2 min at 94ЊC, followed by 35 cycles of 1 min at 94ЊC, 2 min at 65ЊC, and 2 min at 72ЊC, with a final elongation step of 8 min at 72ЊC. Conditions for second-round PCR were the same as those for first-round PCR and used the antisense primer 5 -AGT TCA AGG CCG TGC TAT TGA TGT GCC AAC TGC CGT TGG T-3 (nt 1626-1587) and the sense primer 5 -GGC ATG GGA TAT GAT GAT GAA CTG GTC CCC TAC-3 (nt 1295-1327). To avoid potential cross-contamination, samples obtained from an individual at each time point were handled separately. In addition, as negative controls, all reverse-transcription PCR amplifications included 1 reaction containing no reverse transcriptase and 1 containing no template. PCR products were gel-purified and ligated into the PCR2.1-TOPO vector (Invitrogen). Plasmids were propagated and purified before sequencing, by use of dye terminator chemistry. A minimum of 10 plasmids/time point/subject were sequenced in the forward and reverse directions and were edited by use of Sequencher software (version 4.1; GeneCodes).
Phylogenetic analyses. By aligning the 10 clones at each time point, consensus sequences were generated for each subject at all time points by use of ClustalW software (available at: http://www.ebi.ac.uk/clustalw) [30] . The GenBank database references used to confirm HCV genotype included 1A (D10749 and AF290978), 1B (D11355 and AJ132996), 1C (D14853), 2A (D00944 and AF177039), 2B (AB030907 and D10988), 2C (D50409 and AB031663), 3A (AF046866 and D28917), 4A (Y11604), 5A (Y13184), 6A (Y12083), 6B (D84262), 7B (D84263), 8B (D84264), 9A (D84265), 10A (D63821), and 11A (D63822). The laboratory reference strain H77 was also included. As an additional quality control measure, all UTR/core (or E1/HVR-1) clonal sequences were aligned with database references, to demonstrate significant clustering of sequences according to sample source.
Separate minimum evolution trees (or alternate phylogenetic trees using the unweighted pair group method with arithmetic averages, neighbor-joining, and maximum parsimony methods) were generated for the 5 UTR (nt 70-341), core (nt 342-729), E1 (nt 1329-1489), or HVR-1 (nt 1491-1571) by use of MEGA software (available at: http://www.megasoftware.net) [31] . The statistical robustness and reliability of the branching order within each phylogenetic tree were confirmed by use of bootstrap analysis using 100 replicates [32] . Only bootstrap values 170% were considered to be statistically significant. Sequences have been submitted to GenBank under the accession numbers AY445937-AY446068.
Quasi species parameters. Measures of quasi species diversity and complexity at a given time point or longitudinally (referred to hereafter as "diversity"), including genetic distances, nonsynonymous (dN):synonymous (dS) ratios, and entropy, were calculated per set of 10 clones, when applicable. Intrasubject genetic distances were calculated by pairwise comparison of 5 UTR, core, E1, or HVR-1 nucleotide sequences at each time point by use of the Kimura method of MegAlign (DNASTAR). dN:dS ratios were calculated by use of the NeiGojobori method in the MEGA software package [31] . Shannon entropy was also calculated by use of the following formula:
, where p i is the frequency of each distinct amino acid sequence, and N is the total number of sequences analyzed [33] . Statistical analyses. Baseline demographic and virologic variables were compared by use of Fisher's exact test for categorical variables and by use of the Wilcoxon rank sum test for continuous variables. The Wilcoxon rank sum test was used to compare variables between the HCV increaser and HCV stable groups. The Wilcoxon signed rank test was used to assess whether median changes over time differ from zero. Spearman's correlation test was used to investigate the relationship among CD4 cell count, HCV load, HIV load, and diversity parameters. All P values are 2-tailed; was considered to be statistically P ! .05 significant. All analyses were performed by use of SAS software (SAS Institute).
RESULTS

Subject characteristics.
In the ACTG 383 cohort, it was found that, despite an overall increase in HCV load after initiation of HAART, HCV loads did not increase in all subjects. We therefore examined changes in clinical parameters between the HCV increaser and HCV stable groups. Eleven HCV genotype 1 HIV-HCV-coinfected subjects were selected on the basis of changes in HCV loads after initiation of HAART. These participants did not differ significantly from the overall cohort with regard to sex, race, intravenous drug use, age, alanine aminotransferase (ALT) levels, CD4 cell count, or HCV load; however, they did have a higher mean baseline HIV load (5.1 vs. 4.3 log 10 copies/mL; data not shown). By week 48, in the 11 subjects, the mean HIV load decreased by 3.1 log 10 copies/ mL, and mean CD4 cell counts increased by 200 cells/mm 3 , results similar to those obtained from the parent cohort. By week 48, mean HCV loads increased by 0.7 log 10 IU/mL.
For the HCV increaser and HCV stable groups, baseline demographic and virologic data are given in table 1. Sex, race, intravenous drug use, ALT levels, HIV load, and CD4 cell count were not different between groups. However, the HCV increaser group was older than the HCV stable group (48.3 vs. 35.0 years) and had lower baseline HCV loads (5.6 vs. 6.3 log 10 IU/mL). As would be expected on the basis of our selection criteria, the HCV increaser group showed a 1.0 log 10 IU/mL increase in HCV load from week 0 to week 48, whereas the HCV stable group showed no change (figure 1).
Intersubject diversity of HCV, by genomic region. Phylogenetic analysis of 4 genomic regions, including the 5 UTR (nt 70-341), core (342-729), E1 (1329-1489), and HVR-1 (1491-1571), was performed to assess diversity of quasi species before and during HIV treatment. Week 0, 16, and 48 consensus sequences were generated for each region; representative data for E1 are shown in figure 2 .
For all subjects except INC9, the 5 UTR consensus sequences at each time point were identical, whereas intersubject diversity was !1% at each time point (data not shown). HCV genotype was inferred from consensus core or E1 sequences. Ten of 11 subjects were infected with HCV genotype 1a, and 1 subject (S3) was infected with HCV genotype 1b. There was no apparent clustering of sequences, according to HCV increaser or HCV stable classification. In core, the week 0, 16, and 48 sequences were identical for subjects INC5, INC7, and S4. In E1, consensus sequences were identical for subjects INC5, INC9, S2, and S4, whereas HVR-1 consensus sequences were identical for subjects INC5, INC8, S2, and S4.
Longitudinal intrasubject diversity of HCV, by genomic region. Because analysis of consensus sequences alone may mask subtle shifts in intrasubject diversity of HCV over time, we also investigated longitudinal intrasubject diversity. Multiple measures of diversity and complexity were assessed, including mean genetic distance, dN:dS ratios, and entropy (table 2). The genetic distance reflects the similarity among all sequences within an individual, such that the larger the genetic distance, the more dissimilar sequences are. For our study population, intrasubject genetic distance was greatest in the HVR-1 (3.09%-6.52%). Intrasubject genetic distance was lowest in the 5 UTR (0.15%-0.29%). Genetic distances for the other protein-coding regions were intermediate (0.49%-0.59% for core and 0.81%-1.07% for E1). The HVR-1 genetic distance increased between weeks 0 and 48, whereas genetic distances were relatively stable for the 5 UTR, core, and E1 over the course of the 48-week study period. As a measure of genetic complexity, entropy was calculated for each protein-coding region. Because entropy takes into account the number of distinct variants, as well as the relative frequency of each variant within the quasi species [33] , it is less susceptible than genetic distance to variation as a result of hypermutated sequences. Entropy was 0.33-0.43 for core, 0.22-0.30 for E1, and 0.47-0.53 for HVR-1.
As a measure of immune selection pressure, dN:dS ratios were calculated for each protein-coding region. dN:dS ratios 11 are consistent with positive immune selection pressure and have been used to explore HIV [33] and HCV evolution [21] . Here, the dN:dS ratios were consistently !1 for core and E1, indicating neutral selection pressure at these loci (table 2) . In contrast, the dN:dS ratio for HVR-1 increased from 0.78 at week 0 to 11 at week 16 and week 48, suggesting that positive selection pressures act on this region only after initiation of HAART.
Further phylogenetic analysis of clones was performed to investigate the potential for preferential expansion of viral variants representing highly adapted viruses responsible for increased HCV loads. However, outgrowth of particular variants was rarely observed among the HCV increaser or HCV stable groups, although only 10 sequences/time point were analyzed (data not shown).
Changes in diversity of quasi species by HCV response ) were also different between the 2 groups. P p .030 Correlation of virologic and diversity parameters. We also analyzed potential correlations among various virologic and quasi species parameters across the HCV genome. When all time points for all subjects were analyzed, absolute values of CD4 cell count, HCV load, and HIV load were not consistently associated with multiple measures of quasi species diversity for any genomic region analyzed (data not shown). However, changes (D 0r16 or D 0r48 ) in CD4 cell count and HCV load from baseline were correlated with changes in several measures of diversity. D 0r16 HCV load was highly correlated with HVR-1 entropy ( ) and UTR genetic distance ( ) (table P p .009 P p .041 4). However, the same variables were not correlated with D 0r48 HCV load. Core dN:dS ( ) and core entropy ( P p .016 P p ) were correlated with D 0r48 CD4 cell count, but not D 0r16 .036 CD4 cell count (table 5). These data suggest that short-term bursts in replication of HCV (D 0r16 HCV load) may contribute significantly to the generation of nucleotide diversity in the 5 UTR and HVR-1. Of interest, sustained changes in CD4 cell count (D 0r48 CD4) were associated with core, but not HVR-1 diversity, implying that adaptive immune selection pressures differentially impact these distinct genomic loci.
DISCUSSION
Because of increased morbidity and mortality of chronic HCV infection and reduced treatment response rates in subjects coinfected with HIV and HCV, understanding the selection pressures underlying the evolution of HCV is important for the development of strategies to control both viruses. We therefore undertook an investigation of diversity of HCV in HIV-HCVcoinfected subjects initiating HAART. Several prior studies have reported conflicting results with regard to the effect of HAART on HCV loads [34] [35] [36] [37] . However, in a recently completed prospective clinical trial [11] , distinct categories of HCV virologic response to immune reconstitution were identified, including those with increased HCV load after suppression of HIV, and those maintaining relatively stable HCV loads throughout HIV therapy. Thus, we were interested in characterizing differences in the HCV quasi species across several genomic regions in 2 groups of subjects, to provide a more comprehensive understanding of the complex interactions between the HCV quasi species and the reconstituted immune system.
The present study has uniquely characterized the effect of diversity of HCV on HIV suppression and differs from previous studies in several significant ways. First, because of the potential for genotype-specific differences in diversity, we restricted our analyses to subjects infected with HCV genotype 1, the most prevalent genotype in the United States. Indeed, a study of HIV-HCV-coinfected subjects found that complexity of HVR-1, but not core, differed according to HCV genotype [28] . Similarly, other researchers have noted higher virus loads and increased genetic distance in subjects infected with HCV genotypes 2 or 3 [27] . Because such subjects represented 38% of their study cohort, these data may not be representative of the general HIV-HCV-coinfected population in the United States. Second, our subjects were derived from a longitudinal clinical trial of those initiating HAART, rather than from distinct HIV-HCV-coinfected populations with variable duration of HAART. Thus, we could directly compare virologic and diversity parameters among subjects at fixed intervals and assess changes in these parameters during immune reconstitution. Third, the availability of this treatment population allowed us to investigate potential quasi species variables associated with divergent HCV virologic responses to immune reconstitution. Finally, because diversity is not restricted to a single viral locus, we analyzed variation within the 5 UTR, as well as protein-coding regions.
We found longitudinal diversity within all loci analyzed, although diversity was not constant across the genome. For instance, the 5 UTR demonstrated limited intersubject or intra- subject diversity and evolved more slowly over the course of the 48-week study period. In contrast, we noted a significant increase in HVR-1 genetic distance and dN:dS ratios during HIV treatment that was not observed in the adjacent E1 non-HVR-1. These data suggest the existence of highly conserved motifs that are critical for HCV replication, in the case of the UTR, and potent immunologic pressure directed against HVR-1 [38, 39] . Our initial correlation analysis showed no significant association between absolute CD4 cell count and HCV load, as noted elsewhere [27] . Nonetheless, we did confirm previous results, finding a highly significant association between HCV loads and HVR-1 diversity (as measured by D 0r16 entropy) and UTR genetic distance. In addition, we extended these observations to include a highly significant positive correlation between CD4 cell count and core diversity (as measured by D 0r48 dN:dS and D 0r48 entropy). Our study design also allowed us to assess potential differences in diversity of quasi species between subjects experiencing significant increases in HCV load after initiating HAART and subjects maintaining stable HCV load. When comparing these 2 groups, differences in several core and HVR-1 quasi species parameters were noted; however, such differences were not found within E1 non-HVR-1 or the 5 UTR. These differential interactions between immune selection pressures and core or HVR-1 diversity may reflect the relative number and strength of immunologic epitopes in these regions, cell type-specific immunologic pressures, or the higher baseline HCV loads in the HCV stable group. Surprisingly, the observed increase in HCV loads noted in the initial ACTG 383 report [11] was not likely due to expansion of a more fit viral variant. Several explanations may underlie these findings. First, immune reconstitution after suppression of HIV may impose renewed immunologic selection pressures targeting several genomic regions, leading to the expansion of multiple variants rather than to the selection and expansion of a restricted number of variants. Second, HIV suppression may allow for efficient replication of HCV in an extrahepatic reservoir, such as peripheral blood mononuclear cells (PBMCs). At present, several cross-sectional studies have demonstrated replication of HCV in PBMCs [40] [41] [42] [43] [44] [45] .
Although protein-coding regions may be under significant selection pressure after immune reconstitution, this is not the case with the 5 UTR. The 5 UTR was well conserved among HIV-HCV-coinfected subjects over the 48-week study period, highlighting secondary structural constraints within the UTR that are likely to be critical for viral replication and translation. Nonetheless, we did note intrasubject diversity within the 5 UTR, albeit at levels lower than for other regions analyzed. Of interest, single nucleotide changes result in UTRs with different translational efficiencies, as well as cell type specificities [46] [47] [48] . These data suggest that selection pressures other than those imposed directly by the adaptive immune system also drive HCV evolution.
Although our data may, theoretically, be influenced by PCRgenerated mutations, this possibility seems unlikely for 2 reasons. First, the various measures of quasi species diversity used here suggest extensive genomewide diversity in excess of the Taq polymerase error rate of ∼ [49] . Second, multiple
Ϫ5
1 ϫ 10 amplifications of the same template yielded similar estimates of quasi species diversity (data not shown). It is also important to note that our data encompass changes between time points such that the week-0 time point represents an internal control (i.e., before HAART), compared with the week-16 and week-48 time points (i.e., after HAART).
One limitation of the present study is the general lack of functional immunologic data. Although CD4 and CD8 cell counts may provide a quantitative estimate of immune restoration after initiation of HAART and successful suppression of HIV, at least 1 study has found a general lack of CD4 cell responses to HCV and weaker CD8 cell responses to HCV than to HIV in HIV-HCV-coinfected subjects [50] . In ACTG 383, HCV-specific CD4 ELISPOT responses were not detected in most subjects examined (D. Anthony, personal communication), and CD8 cell counts were not measured. Therefore, we chose to use suppression of HIV load and increased CD4 cell counts as surrogate markers of immune reconstitution. Further investigations of quasi species evolution in conjunction with HCV-specific cellular responses will be necessary when moresensitive immunologic assays are available.
In some instances, treatment of HIV may result in sustained disappearance of HCV viremia [51] ; however, it appears that this phenomenon is not common in the majority of HIV-HCVcoinfected subjects. At the population level, many HIV-HCVcoinfected subjects experience a sustained increase in HCV viremia. We found that HAART is associated with evolution of the HCV quasi species, particularly HVR-1, indicating that reconstituted immune selection pressures are indeed acting on HCV. However, the finding of increased HCV loads in most HIV-HCVcoinfected subjects suggest that this renewed immunological pressure alone is insufficient to control HCV replication.
